In the framework of perturbative QCD and a model for the production of charmed hadrons the structure function F c 2 is calculated and compared with the experimental data of H1 and ZEUS Collaborations. We show that the spectator mechanism of the D * -meson production independent of a hadronic remnant is valid at p T > 10 GeV, only. We find that the evolution of F c 2 (x, Q 2 ) versus the virtuality Q 2 can be neglected in the kinematic region of HERA.
A complete set of diagrams is presented in Fig. 1 . In this chapter our consideration is restricted by the case of D * -meson production in the photon-gluon interaction γ * g → D * + c + q (see equation (1)). One needs the additional parameter O to take into account the contribution by the simultaneous production of c -and q-quarks. This parameter describes the fusion of c-quark and its light co-moverq into (cq)-system, and that is proportional to the D * -meson wave function squared. This parameter can be extracted from the experimentally known value of the fragmentation probability W of c → D * at large transverse momenta, W = 0.23 [6] . The (cq)-system can be in two color states: octet or singlet. In our previous analysis of the data on the charm photoproduction and electroproduction [7] we considered the production of color octet and color singlet states independently. So, we used two fusion parameters: O (1) and O (8) , correspondingly. The ratio of these values is close to unit. At small p T the colorsinglet contribution into the cross section as well as the color-octet one behave as 1/p 6 T , and they are approximately equal to each other. At large p T both contributions behave like (1/p 4 T ), and the singlet term is dominant. The color-singlet dominance takes place due to the colorcoefficient ratio. The both contributions at large p T come to the fragmentation regime. In this regime the octet and singlet have a similar behavior, and the production process can be characterized by the only parameter: 8) . A more detail description of the model is represented in the Appendix. One of essential features of this model consists of obeying the factorization theorem at large transverse momenta. In other words, at large p T the formula of (2) describes the process with a good approximation, and the process looks like a fragmentation. At small momenta the fragmentation form of the charm production is strongly broken by additional terms ∼ 1/p 6 T in contrast to the fragmentation term, which behaves like 1/p 4 T as follows from (2) . One can see from Fig. 2 how the factorization theorem works at large p T for both the singlet contribution and the octet one. The contributions of complete diagram-set ( Fig. 1) in comparison with the contribution of the fragmentation diagram one (as in (2) ) are presented in the figure for both the singlet and octet.
The calculations have been done at rather large value of
order to reach the factorization regime (2) . One can see from the figure that there is the region of p T , where the fragmentation mechanism is not valid, and the contribution of perturbative recombination is dominant. The presence of the recombination contribution is due to the gauge invariance of QCD. The p T -dependence of this contribution has the additional factor 1/p 2 T , that is why the recombination vanishes at large p T , and the D * -meson production is described by the factorization formula of (2).
3 The D *
-meson electroproduction
As was mentioned above, the model under consideration has been used to describe the charm photoproduction data of ZEUS Collaboration [8] . The fragmentation probability W (c → D * )
was extracted from the experimental data on the D * -meson production in e + e − -annihilation [6] . The value of factorization scale for the operators O (1, 8) has been fixed at the D * -meson mass: µ F = m D * . The light quark mass equals mq = 0.3 GeV, and the c -quark mass equals m c = 1.5 GeV. The factorization probability W (c → D * ) = 0.23, while O eff = 0.25 GeV 3 . The ratio between the octet and singlet operators has been chosen equal to O (8) / O (1) = 1.3. It is worth to mention that taking into account the color-octet contribution essentially improves the description of the experimental data, especially, in the description of the pseudorapidity distribution. In this distribution the octet enforces the production into the forward semisphere (toward the direction of the initial proton) and improves the data description in comparison with the NLO prediction [7] . The calculations of cross section for the D * -meson electroproduction have been made by practically the same manner as for the photoproduction. All we need is to replace the densitymatrix of real photon by the density-matrix of virtual photon. So, after averaging over the photon and electron polarizations the D * -meson elecroproduction amplitude squared has the following from:
where |A| 2 is the D * -meson electroproduction amplitude squared, M i is the D * -meson photoproduction amplitude (i is the Lorentz index of the photon polarization), k 1 and k 2 are the initial and final positron momenta, and It is essential at small p T and becomes negligible at large ones, where it is suppressed by the color-factor 1/8. Thus, in the framework of the model under consideration we have achieved a good description for the ZEUS charm-photoproduction data [8] as well as for the charm-electroproduction data of H1 and ZEUS Collaborations [4] . This circumstance allows us to suppose that the extrapolation of the experimental data into the total kinematic region with the help of our model is rather reliable. It means, that we can calculate the total cross section production and, therefore, extract F c 2 .
4 The structure function F c 2
The charm contribution F c 2 into the structure function F 2 is defined by the doubly differential cross-section of the charm-production as follows:
Generally one neglects the contribution of the longitudinal component F L because of its suppression. As was mentioned in the Introduction, F c 2 is reconstructed on the base of the experimental data for the D * -meson production in the experimentally available kinematic region. The observed production cross section is extrapolated into the total kinematic region in the framework of some model. Thus, it is clear that the F c 2 value depends on a model. In the framework of our model we have an opportunity to calculate the cross section in the total kinematic region, determine F (the H1 Collaboration). These data were extracted by the extrapolation of the experimentally observed cross section into the total kinematic region on the base of NLO calculations and Monte-Carlo programs taking into account the hadronization. The curves in this figure correspond to our model predictions. F c 2 has been calculated according to formula (4) . The falls on the distribution tails appear because of the phase-space borders for the given value of the ep -interaction energy and chosen values for the quark masses.
The ZEUS experimental data on F 
The perturbative recombination
One can see that the operator expansion of (1) contains not only the term interpreted as photongluon production of charm, but also that of describing the photon-quark production of charm. Generally one neglects this term due to the additional factor of α s .
The diagrams, which correspond to the photon-quark term in our approach, are shown in Fig. 7 . For such kind of diagrams the only difference between the color-octet production cross section and the color-singlet one is due to the overall color factor of 1/8. That is why we can restrict ourselves by considering the singlet production, only.
The recent analysis demonstrates that at large transverse momenta p T the photon-quark production contribution is suppressed by an additional factor 1/p 2 T . At small p T the suppression is absent, and the differential cross section of the (cq) pair production at the angle Θ = 0 (toward the direction of initial quark q) has a large numerical coefficient in comparison with the c-quark production in the gγ-interaction [9] :
Thus, the smallness of α s in the photon-quark production cross section is compensated by large numerical coefficient. To the same moment, the production at the angle Θ = π is suppressed by the additional power of energy. Another circumstance is essential, too: this contribution slightly depends on the light quark mass and does not vanish at m q → 0.
In paper [7] the cq-pair production cross section in the interaction of the photon and valence quark from the initial proton has been calculated to evaluate the
The predicted value of asymmetry in the kinematic regions researched by the ZEUS and H1 Collaborations is about 2-3%, that is in the same order of magnitude as experimental errors. At low energies of γp-interactions, the role of the photon-quark production becomes essential and this contribution yields the asymmetry prediction which is in a good agreement with the experimental data [9] . If the production asymmetry is due to the perturbative recombination indeed, then the asymmetry decreases with the p T increase, because the perturbative recombination has the additional 1/p 2 T factor in comparison with the leading contributions. On the other hand, if the asymmetry is due to the interaction between the c-quark and the valence quark from the initial hadron, then the interaction between the c-quark and the light quark from the initial hadron sea exists. Such the contribution has been calculated in the framework of our model, and it surprisingly looks like the octet contribution in the distribution shape as well as in the absolute value. It is worth to mention that the quark-photon contribution does not contain an additional normalization factor, which the octet one contains. In Fig. 7 both the octet and quark-photon contributions into the D * -meson production are presented for the kinematic region investigated by the H1 Collaboration. One can see that the distributions over log 10 (x) and p T are practically the same for the whole investigated range. One can see the only small difference in the normalization. The Q 2 -distributions at Q 2 < 10 GeV 2 have practically the qualitatively similar behavior, too. The differences between the distributions over W , η(D * ) and z(D * ) are more essential for the production mechanisms compared. However, these distributions have qualitatively analogous behavior. The singlet cq-pair yield in γg-and γq-interactions is presented in Fig. 8 for the kinematic conditions of H1 experiment. It is clear from this figure that at not very large Q 2 the sum of the γg-and γq-contributions into the singlet describes the data so good as the sum of γg-contributions into the singlet and octet. Therefore, the singlet cq-pair production mechanism is enough to describe the charm photoproduction and electroproduction data in the HERA experiments. The photon-gluon contribution as well as the quark-photon one play essential role for the singlet cq-pair production at the HERA interaction energy. The serious arguments to take into account the sea quark contribution into the charm production was presented in paper [9] , where the charm production asymmetry has been successfully described in the framework of perturbative recombination in the E687 and E691 experiments.
Conclusions
The model under consideration is based, at first, on the heavy-quark production in the perturbative theory, and second, it uses the nonperturbative model of quarks fusion into the hadron. This model allows us to describe the existing data on charm photoproduction and electroproduction in the total kinematic region.
Let us itemize the main features of the model predictions:
1. In the region of large transverse momenta of the cq-pair our model predictions coincide with the predictions of the factorization model in form (2) , or in other words, the momentum spectrum of cq-pair is calculated by convolving the heavy quark spectrum with the fragmentation function.
2. In the region of small transverse momenta and small Q 2 the main contribution into the inclusive spectrum is due to the recombination diagrams, that depends on p T as 1/p 6 T , in contrast to the fragmentation ones, which depend on p T as 1/p 4 T . The contributions of gγ-and qγ-interactions into the charm production are comparable.
3. It is not necessary to include the term C c ⊗ c of F c 2 (the second term in expansion (1)) into the data description at the HERA energies. According to the paper [2] the term C c ⊗ c becomes essential at large Q 2 .
Therefore our main conclusion is formulated as follows: the spectator character of the D * -meson production, which is independent of the flavor of the initial hadron remnant, becomes dominant at p T > 10 GeV. At small transverse momenta the essential part of the cross section is due to the interaction with the initial hadron remnant. The interaction with the valence quark of the remnant explains the experimentally observed flavor asymmetry in the charm yield.
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Appendix
A. The hard production of four quarks in the photon-gluon subprocess
As was mentioned above, in the model under consideration one supposes that the both valence quarks, the heavy and light ones, are produced in the hard process. In the framework of the tree level approach to the subprocess g(p g ) + γ(p γ ) → c(q c ) + c(qc) + d() +q(qq) 24 Feynman diagrams contribute (see Fig. 1 ; he bold line corresponds to the c-quark, the thin line corresponds to the d-quark). In this paper the amplitude calculation has been done by straightforward multiplying of γ-matrices, spinors and polarization vectors.
Let us introduce the following notations:
The three-gluon vertex has the form
The bi-quark currents are defined as follows:
Also we need to define the auxiliary spinors
where ǫ g and ǫ γ are the polarization vectors of the gluon and photon, correspondingly. The matrix element squared is summed over the following ortonormalized states of gluon:
It is worth to mention that ǫ ′ 2 = ǫ ′′ 2 = −1, and p · ǫ = 0, where p is gluon momentum.
In the case of deep inelastic production the photon is off mass shell, and one need to replace the matrixǫ 2 in (9) by the matrix γ i . Thus the matrix element will have a free Lorentz index for convolving with the photon density in accordance with formula (3). We use the following index definitions: the upper indices j g designate the color state of gluon; the low index i c designates the color state of c-quark; the low index ic designates the color state ofc-quark; the low index i q designates the color state of d-quark; the low index iq designates the color state ofq-quark. The contributions of the Feynman diagrams into the total amplitude can be written as follows (e q and e c are electric charges of the q-and c-quarks correspondingly; the color coefficients are put into the braces):
T 13 = e q ·ū c,qqǫg vc γ · {t
T 15 = e q ·ū cgǫγ vc ,qq · {t
T 18 = e q ·ū cγǫg vc ,qq · {t
T 21 = e c ·ū qgǫγ vq ,cc · {t
T 24 = e c ·ū qγǫg vq ,cc · {t
The spinor states with the fixed spin projection on the axis z have been chosen in the capacity of two independent spinor states. In our calculations, the Dirac representation for the γ-matrices has been used. The spinor states can be written down as follows:
The γ-matrices in the Dirac representation are given by
The Gell-Mann matrices have the form
and the t-matrices have been chosen as
Let us remind of the antisymmetric constant f abc values, which have been required for our calculations f 123 = 1,
B. The soft process of c-andq-quark fusion into the (cq)-quarkonium
To describe the fusion of c-andq-quarks into the (cq)-quarkonium we suppose that there are terms in the partonic distribution of D * -meson, which correspond to the valence quarks. We also suppose that the c-andq-quarks produced in the hard process transform into the valence quarks of the meson. The valence quark distributions in the system of infinite momentum have the following form:
The averaged momentum fraction carried out by the valence quarks are
whereΛ is the quark binding energy inside the meson. 
In our calculation we neglect the dispersion of the momentum fractions carried out by the quarks, or in other words, we consider (35, 36, 37) as absolutely precise equations. Also we suppose that the light quark mass is aboutΛ . In the doubly heavy quarkonium the quark pair is in the singlet state, because the octet one is suppressed by the third power of the relative velocity of quarks [10] . In the case of (cq)-quarkonium this suppression does not exist, and one has to take into account the both color states.
The operators O (1) and O (8) describing the hadronization of singlet and octet quark pairs into the meson are nonperturbative, because they include the interaction on the scale about Λ QCD . In the framework of nonrelativistic potential model these operators correspond to the wave functions squared at the origin: O (1, 8) | NR = |Ψ(0)| 2 . They are defined by
The probability
can be expressed through the operators O (1) and O (8) of our model
where
O (8) , and dσ gγ /dp T , nb/GeV dσ/dp T , nb/GeV Fig. 9 The sum of singlet cq-pair production in theqγ−subprocess and the singlet cq-pair production in the gγ-subprocess in comparison with the data of H1 Collaboration (the distributions are over the same variables as in Fig. 4 ).
